There is currently great interest in increasing provisions of healthier carbohydrate foods, particularly those that possess a low Glycaemic Index (GI) when measured in vivo. The metabolic response to many starchrich foods is driven largely by differences in the rate and extent of starch amylolysis. Enzyme-kinetic parameters obtained from high-throughput in vitro amylolysis assays therefore have potential for rapid prediction of GI for starch-rich foods. The aim of this study was to evaluate the usefulness of a starch digestibility screening method and resulting enzyme-kinetic parameters in comparing and predicting the GI of a range of carbohydrate-rich foods. Starch-rich foods (n = 20) with GI ranging from 36 to 81 were digested by porcine pancreatic α-amylase for 90 min under a fixed enzyme-substrate ratio (4 U/10 mg starch) at 37°C on a rotary mixer. Starch digestion progress was determined by quantification of reducing sugar concentration in aliquots collected throughout the incubation. Indices of starch digestibility (C 20 , C 60 , C 90 , HI, C ∞ , and k) were obtained and compared with GI values. Digestibility curves revealed differences in the starch amylolysis for the broad range of foods tested. In vitro starch digestibility indices were significantly correlated ( p < 0.01) with GI, with the exception of the rate constant, k. Out of all the indices tested, C 90 and C ∞ were the most strongly correlated with in vivo rankings for GI of matched food products (T b = 0.596, p < 0.001 and T b = 0.599, p < 0.01, respectively), however the digestibility plots obtained for some of the more slowly digested foods were linear over 90 min meaning that C ∞ and k could not be obtained from first order kinetic analysis. C 90 was most strongly correlated with the absolute GI values (r = 0.724, p < 0.001). Overall starch digestibility profiles reflected differences in starch amylolysis for food with varying GI, and C 90 provided the best indication of absolute and relative GI values across all product categories. The in vitro starch digestibility screening method shows potential for rapid prediction of GI values and is recommended for early stage food product development and for mechanistic studies. † Electronic supplementary information (ESI) available. See
Introduction
Starch-rich foods are a major source of dietary energy and therefore play an important role in influencing public health. The metabolic responses to starch-rich foods can be vastly different and are a critical consideration for the design of healthier foods. For instance, it has been shown that consumption of starch-rich foods with a low Glycaemic Index (GI) and high amounts of Resistant Starch (RS) are associated with reduction in Type 2 Diabetes and Cardiovascular Disease risk and could play an important role in the dietary management of these diseases. 1 Given the alarming prevalence of chronic diet-related diseases, increasing the supply of consumer-acceptable carbohydrate foods that possess these (and other) desirable properties should be a priority. Although in vivo studies remain the gold standard for testing physiological outcomes, in vitro methodologies play an important role in rational product design.
The in vivo 'Glycaemic Index methodology' for ranking carbohydrate foods according to the glycaemic response that they evoke is well-established 2 and many foods have already been indexed. 3 The resource-demanding nature of human studies does however impose some restriction on the number of food products that can be tested, and inter-and intra-individual variations (although relevant) means that human studies lack the sensitivity to detect subtle changes that may be of importance to product concept development. Thus, highthroughput in vitro methodologies that rank products by predicted GI would aid rational design of interventions for in vivo testing while providing for additional mechanistic insight to inform formulation of functional food products.
The glycaemic response to starch-rich food is strongly influenced by the rate and extent of starch digestion by α-amylase in the upper gastrointestinal tract. 4 In vitro methods that simulate digestive conditions can therefore potentially provide a means of predicting relative differences in GI of various food. Digestion models that replicate the biochemical conditions (enzymes, electrolytes, pH, mixing etc.) of oral, gastric and intestinal digestion 5, 6 are increasingly popular, however the methodological complexity and large number of reagents required prevents the use of these models for high-throughput screening. Moreover, for predicting the glycaemic response to starch-rich foods, this level of complexity may not always be required; indeed, good agreement between in vitro starch hydrolysis indices and glycaemic responses has been achieved previously using simpler protocols. 7, 8 One limitation of these previous methods however is the tendency to pulverise, grind or homogenise foods prior to analysis; such treatments breakdown food structures (such as plant cells, tissues, intracellular networks) that are now known to be of great importance with regard to influencing digestion kinetics and measurement of Type 1 resistant starch (RS1) (i.e. starch that is resistant to digestion because it is physically inaccessible to digestive enzymes). [9] [10] [11] It is therefore important that in vitro tests are assessed based on their performance across a broad range of food products with different structures and susceptibility to digestion.
We have previously reported on the value of an enzymekinetic approach that is routinely used in our laboratory for mechanistic digestibility studies of starch-rich food materials. 12, 13 When combined with a controlled and mechanistically-informed approach to sample preparation, this methodology may enable rapid comparison of starch susceptibility to digestion and prediction of GI in a range of carbohydrate foods. The aim of the present study was to apply this in vitro starch amylolysis methodology to a broad range of food products and evaluate the use of in vitro starch digestibility indices for rapid prediction of GI values.
Materials & methods

Selection and preparation of food materials
Commonly consumed starch-rich foods were selected from various product categories ( pulses, tubers, cereals, pasta, rice, bread and biscuits) to cover a range of Glycaemic Index (GI) values, as reported by Atkinson et al. 2008 . 3 An overview of the food products, starch content and method of preparation is provided in Table 1 and further details of food composition is provided in OSM1. The nutrient composition data was obtained from nutrition declaration information provided on food products (according to EU regulation no. 1169/2011) with the exception of two products where the on pack information was not representative of how the product was prepared, and therefore food composition reference values were used. 14 The starch content was calculated by subtracting sugars from the available carbohydrate value. Values reported on an 'as weighed' basis were corrected to account for the moisture content (determined on a Moisture Balance, VWR International) at the time of weighing for digestibility analysis. It is noteworthy that large errors are commonly observed for calculated and direct enzymic determination of total starch, and that this is a likely source of error in both the in vitro assays and the in vivo studies. Wherever possible, the source and method of food preparation for in vitro analysis matched the description provided in the Glycaemic Index tables, and any discrepancies are disclosed within these tables.
In preparation for in vitro testing, the food samples were freshly cooked (if applicable) according to manufacturer instructions and ground to achieve a controlled particle size reduction. In general, dry products (i.e., biscuits, bread, breakfast cereals) were ground to 'crumbs' and sieved to select a standard particle size fraction (250-500 µm). This size range was chosen as it provides a reasonable yield of representative particles in which a high proportion of the starch granules are exposed on the particle surface. Cooked products were prepared according to manufacturer instructions and analysed immediately (within 30 min) of cooking. Canned products were drained and then ground to a loosely formed paste. For this particular study, these conditions were selected in an effort to preserve food structures (e.g., plant cells and RS1) that are known to reach the intestinal lumen. Variables such as particle size, cooking and cooling conditions, were standardised and controlled to enable good reproducibility.
Starch digestibility assay
The principles of the starch digestibility assay have been described previously. 12, 13 The method is described below and is similar to that performed by Edwards 2018, 15 with minor modifications to the volumes and time-points used. An important feature of this procedure is that the starch-amylase ratio has been kept constant for all food products tested such that any differences observed reflect the starch digestibility of the food rather than their variable starch contents.
In brief, freshly prepared food materials (see section 2.1 for source and preparation) were weighed into 15 mL corning tubes and suspended in 10 mL phosphate buffered saline (PBS, pH 7.4) so that each tube contained 100 ± 2 mg starch. Sample tubes were mixed for 20 min at 37°C on a Stuart SB3 rotary mixer (20 rpm, 30°angle) inside an incubator (E24 Excella, New Brunswick Scientific) to equilibrate. Before starting the assay, a 200 µL 'blank' aliquot of each sample was taken into a 1.5 mL microcentrifuge tube containing 200 µL 'stop solution' (0.3 M Na 2 CO 3 , pH 9). The 0.3 M Na 2 CO 3 , referred to as 'stop solution', inactivates the amylase activity in the aliquots and is used to promptly stop the amylolysis at each time point. To start the assay, porcine pancreatic α-amylase (EC 3.2.1.1 supplied in DFP-treated suspension of 2.9 M NaCl containing 2 mM CaCl 2 , A6255, Sigma-Aldrich Co. Ltd, Poole, UK) prepared in PBS ( pH 7.4 at 37°C) was added to achieve an activity of 4 U mL −1 in the digestion mixture (i.e. containing 10 mg mL −1 starch). This enzyme-substrate ratio was chosen on the basis of results obtained with previous studies 12, 15 taking into account the range of starch susceptibility to digestion expected for the type of foods included within the study. One unit is defined as the amount of amylase needed to liberate 1.0 mg of maltose from starch in 3 min at pH 6.9 at 20°C. Tubes were promptly returned to the mixer in the incubator after addition of amylase and incubated at 37°C in the mixer for the duration of the digestion. After 5, 10, 15, 20, 25, 30, 45, 60, and 90 min, aliquots (200 µL) were collected from the digestion mixture into an equal volume of the stop solution. Aliquots were centrifuged at 15 000g for 5 min (Haraeus Pico, Thermo Scientific) to exclude any starch remnants and the supernatants stored at −20°C for subsequent analysis of starch amylolysis products.
Reducing sugar analysis (PAHBAH assay)
The PAHBAH assay 16 was subsequently used to determine the concentration of reducing sugars produced from starch amylolysis in aliquots recovered at the various time points. Stored supernatants were appropriately diluted (typically 1 : 10) in deioinised water, and 100 µL of the diluted sample transferred to a 1.5 mL Eppendorf® safe-lock™ tube, to which was added 1000 µL freshly prepared 'PAHBAH working reagent' (250 mg p-hydroxybenzoic acid hydrazide dissolved in 4.75 mL of 0.5 M HCL, and made up to 50 mL with 0.5 M NaOH). These tubes were vortex mixed and secured in a Nalgene® floating rack and incubated at 100°C for 5 min, then equilibrated for 10 min at room temperature before transfer to cuvettes and absorbance measurement (λ = 405 nm) in a spectrophotometer (Biochrom Libra). Standards containing known concentrations of maltose (0-900 µM) were prepared in 1.5 mL Eppendorf® safe-lock™ and reacted with PAHBAH reagent as described above, and these were included with every analysis. It is noteworthy that this assay can also be performed on a 96-well plate as described in ref. 15 . Reducing sugar concentration in each sample was expressed as maltose equivalents by reference to the standard curve.
Data processing
Data obtained from the PAHBAH analysis was further processed to correct for endogenous reducing sugars present within the sample prior to addition of α-amylase.
For ease of interpretation, data expressed in maltose equivalent concentration units was converted to show the corresponding percentage of starch digested during amylolysis according to eqn (1):
in which [maltose] t is the maltose equivalent concentration (after baseline correction) measured in the liquid phase of the reaction mixture at a time point t, and [maltose] substrate is the theoretical maltose equivalent concentration that would be present at the start of the reaction, assuming that all starch within the food sample can be converted to maltose.
It is noteworthy that the conversion (eqn (1)) assumes that all amylolysis of starch yields maltose, and that this approach does not precisely account for minor products of starch amylolysis (glucose, α-limit dextrins and maltodextrins) thereby resulting in a net underestimation of total starch amylolysis. Expressing starch amylolysis relative to a highly digestible, high glycaemic index reference may provide absolute values that relate to GI (see Hydrolysis Index in section 2.5).
Starch digestibility and indices of glycaemic starch
Starch digestibility curves showing starch amylolysis progress over time were produced for each food material and used to derive the various starch digestibility indices described below and summarised in Fig. 1 .
The enzyme-kinetic parameters C ∞ , which represent the product concentration at the reaction end-point, and k, which is the digestibility rate constant, can be used to describe starch amylolysis according to a first-order reaction (eqn (2)). These values were obtained using Logarithm of slope analysis, as described previously. 12,13
in which the C t is the product concentration at a given time, t, C ∞ is product concentration at the reaction end-point, and k is the digestibility rate constant. The terms C 20 , C 60 , and C 90 represent the extent of starch digested after 20, 60, 90 min and were obtained from the starch digestibility data. The selection of specific time points for comparison is rather arbitrary, yet this approach has been used previously to describe starch digestibility. In the present study the amylase-starch ratio has been kept constant for all samples to enable direct comparisons. The Hydrolysis index (HI) is the area under the digestibility curve up to 90 min (iAUC90) of the test sample expressed relative to a highly digestible reference food as shown in eqn (3) . In this case, boiled King Edward potato was used as the reference food as this gave consistently the highest starch digestibility value out of all the foods examined. 
Results
Starch digestibility curves are shown for selected products in Fig. 2 . Based on GI values 3 of the food products shown in Fig. 2 , the breakfast cereals ( Fig. 2A) and breads (Fig. 2B ) would be classes as 'high GI (GI ≥ 70) food', rice, spaghetti and charlotte potato (Fig. 2C ) would be 'medium GI (GI > 55 and <70) food' and the pulses (Fig. 2D ) would be classed as 'low GI (GI ≤ 55) food'. Within each of these categories, there are clear differences in the shape of the digestibility profiles of each food product. For instance, comparison of curves obtained for bread and breakfast cereals (all classed as high GI products) highlights how starch digestibility curves can reveal differences in starch digestion kinetics that are not detected in GI values or other digestibility indices. Food products with the lower GI were digested more slowly and some were still within a linear phase of digestion after 90 min. For these linear digestibility plots (observed for butter bean, chickpea, brown lentil, long-grain rice, sunflower-barley bread, and digestive biscuits), the resulting LOS plots (see example Fig. 3C ) were characterised by a low rate constant (k < 0.01), with the implication that unreliable C ∞ values were calculated (data shown 
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This journal is © The Royal Society of Chemistry 2019 in parentheses, Table 2 ), as the digestion progress curves were essentially zero-order, and therefore not appropriate for 1 st order kinetic analysis. This was a limitation of the data collected rather than the LOS analysis, and the C ∞ and k values for these 6 samples were therefore excluded from subsequent statistical analysis. For the remaining food products (n = 14), the digestibility data followed 1 st order kinetics and was suitable for LOS analysis, and the LOS plots ( Fig. 3A and B) were used to obtain the kinetic parameters C ∞ and k (see Table 2 ), which provided a good fit to experimental data collected at time points up to 90 min (Pearson's r = ≥0.97).
An overview of the various starch digestibility indices is shown in Table 2 . The in vitro indices obtained directly from the starch digestibility curves (C 20 , C 60 , C 90 and HI) and the C ∞ obtained from LOS analyses (Fig. 3) were all significantly correlated ( p < 0.01) with literature GI values, both in terms of rank (Kendalls Tau b test) and absolute values (Pearson's correlation). Scatter plots showing the relationship between in vivo and in vitro values are shown in OSM2. Out of all the indices compared, C 90 was most strongly correlated with the absolute GI values (r = 0.724, p < 0.001). C 90 and C ∞ were the most strongly correlated with in vivo rankings for GI of matched food products (T b = 0.596, p < 0.001 and T b = 0.599, p < 0.01, respectively). The only in vitro index that did not correlate with in vivo values was the rate constant, k obtained from LOS analysis. The value of k seemed to be inversely related with absolute GI values, however the relationship was not statistically significant (r = −0.590, p > 0.1). The C 90 (which correlated most strongly with GI), obtained in vitro is shown alongside in vivo GI values for corresponding food products in Fig. 4 and together with all in vitro indices in Fig. 5 . It is noteworthy that the standard deviation of in vivo measurements was greater than those observed in vitro, and the in vitro values were within the 95% confidence interval of the in vivo values, with the exception of long grain rice, chickpea, water biscuit, wholemeal bread and sweet potato. It is plausible that this is due to difference in the food material (e.g., processing, preparation, botanical source) rather than a limitation of the in vitro starch digestibility methodology per se. The in vitro C 90 values ranged from 32% to 80% starch digested, and corresponding GI values ranged from 36 to 81.
In terms of nutrient composition (OSM1) starch was the main carbohydrate (mean ± SD = 60 ± 18 g starch per 100 g dry weight) in 18/20 foods tested in the present study, the exceptions being sweet potato and garden peas, where the sugar content was higher than the starch content. The fat content was less than 5% (dry weight basis) for 14/20 foods, the exceptions being biscuits which contained up to 29% fat (dry weight basis). Similarly, protein content ranged from 5-26% of dry weight in the tested products, where the pulses and bread products were at the top end of this range. These compositional differences do not seem to systematically influence the reliability of GI predictions.
Discussion
In the present study, we used a relatively simple in vitro starch amylolysis assay to obtain indices of starch digestibility (C 20 , C 60 , C 90 , HI, C ∞ , and k) for 20 different food products with a known GI. Despite the simplicity of the in vitro method, a reasonable correlation was observed between in vitro indices and in vivo GI values, which demonstrates that the in vitro methodology shows potential for predicting relative differences in in vivo GI. Overall, the proposed assay methodology was well-suited to the broad range of starch-rich food products tested, and the low standard error and high sensitivity enabled differences in starch digestibility profiles of similar food products to be detected.
Starch amylolysis has long been known to influence glycaemic responses, and several studies have reported on such correlations previously. 4, 7, 17, 18 Out of all the indices tested in the present study, the extent of starch digested at 90 min (C 90 ) was most strongly correlated with GI and for most foods the in vitro value was within the range of in vivo values for matched food products. Reasonable predictions were achieved for products from all product categories. Notable exceptions were sweet potato and garden pea, in which the high sugar content (48 and 25 g sugar per 100 g dry weight) is likely to be contributing to the GI observed in vivo. The in vitro method also seemed to underestimate the GI of water biscuits, however the product analysed in vitro was from a different manufacturer than those used in the in vivo studies, and the products that were compared may have had different characteristics. The GI values for long grain rice and wholemeal bread were also higher than the in vitro predictions. These products are particularly susceptible to retrogradation, and a difference in how these foods were handled and prepared for testing could explain this discrepancy. There was however, also a high variability in GI values reported for many of the food products, which may reflect inconsistencies in the characteristics of the foods used. For example, cooking and cooling profiles are well known to have a major impact on starch structure and digestion kinetics in foods such as spaghetti, rice and potato 11, [19] [20] [21] and are a likely source of variability in GI values. A strength of the in vitro methodology is that it provides for systematic studies of such parameters and can thereby be used to understand the consequences of these factors, prior to in vivo trials.
We previously reported on the value of using LOS analysis of digestibility plots for mechanistic understanding of factors underpinning differences in starch digestibility 12, 13 and have recently applied this technique to examine the effect of particle size, cell wall encapsulation and starch structure on digestion kinetics. 12, 15, 22 Within the present study we considered the use of C ∞ and k (obtained from LOS plots) as a potential predictive index of GI. The theoretical basis for this was that C ∞ reflects the proportion of starch that has the potential to be digested over an infinite time period and thereby resembles the potential glycaemic load, whereas k provides an indication of the rate at which starch-digestion products become available for absorption. In our dataset, the value of C ∞ was reasonably correlated with GI values, however the value of the rate constant was not. This suggests that GI cannot be predicted from the rate constant alone, but requires both the rate and extent of digestion to be taken into account.
For many of the food products tested, the C ∞ values were similar to C 90 , meaning that the amylolysis reaction was nearing completion within the 90 min of the assay. This occurred mainly for the more rapidly digested products with a medium to high GI, and for these products C ∞ and C 90 both provided a reasonable estimation of GI. Obtaining reliable estimates of C ∞ for some slowly digested foods (such as pulses, digestive biscuits and long grain rice) proved more challenging because the digestibility plots were linear and therefore unsuitable for LOS analyses. Although this limitation could be overcome by using a higher enzyme-substrate ratio for in vitro assays on low GI foods, it is unclear how relevant C ∞ values would be to prediction of GI under these circumstances. The value of C ∞ reflects the endpoint of starch amylolysis if it is allowed to progress over infinite time. However, in vivo the duration of starch exposure to pancreatic α-amylase in the intestinal lumen would occur over a limited time period. 23 Thus, C ∞ might be expected to overestimate the glycaemic potency of starch in some slowly digested products. In vivo, the proportion of starch that escapes digestion in the upper gastrointestinal tract would be physiologically classed as resistant starch. Thus, the proportion of starch that has not been digested by α-amylase after a fixed time period can be considered as 'potentially resistant' starch, 7 although the relationship between this in vitro indicator of resistant starch and the quantity of resistant starch that enters the colon has yet to be investigated.
In recent years, in vitro digestion models have become more advanced to provide a more physiological representation of digestive conditions, and now typically include an oral, gastric and intestinal phase to mimic the changing biochemical conditions (enzymic, pH) encountered during digestive passage. 5, 24 In the present study, however, there was no oral or gastric phase prior to amylolysis, only one enzyme ( porcine pancreatic α-amylase) was used and under a fixed enzyme-substrate ratio. This protocol resembled an enzyme-kinetic experiment rather than a simulation of physiological digestive conditions, with the advantage that low standard errors can be achieved. Overall, this is a user-friendly protocol with potential for high-throughput screening.
Users of sophisticated digestion models may be surprised by the predictive power of the 'enzyme-kinetic' approach used in this study. There may be an expectation that the inclusion of proteases and lipases is necessary to obtain a reliable view of starch digestion in real foods. One key consideration is that for many starch-rich staple foods, including most of those tested in the present study, the primary digestible component is starch. The starch digestibility screening method used in the present study is based on the premise that amylolysis is the rate-limiting step in the digestion process, and therefore has a major impact on glucose availability from food. Factors that are known to have a major impact on starch-susceptibility to digestion and thereby GI include processing conditions (i.e. which impact on starch molecular organisation) [25] [26] [27] and physical properties of the food matrix (e.g., particle size and permeability to digestive enzymes). 9, 10, 15, 18, 28, 29 Some properties (e.g., starch crystallinity) can be reproduced by subjecting food materials to realistic cooking/processing conditions. Particle size and microstructure however is more challenging to reproduce in vitro. In vivo mastication produces a range of particle size distributions and significant variations exist between individuals and between food materials tested. 30 With the view of providing a starch digestibility screening tool and its likely applications, our preferred approach in this study was to control and standardise food structures used in the digestion. Particles were generally ground or sieved to a fixed size to preserve micro-scale structures and plant cells, although it is noteworthy that highly processed and refined starch-rich foods may not contain this level of structural integrity. This approach is more mechanistic than realistic, and users are encouraged to tailor the approach to address their research question.
One limitation of this study is that the in vitro and in vivo values were not obtained from exactly the same food products. As discussed, subtle differences in food preparation or composition can influence the digestibility and GI of foods. It remains possible that some of the observed discrepancies between in vitro and in vivo values were due to differences in the characteristics of the foods tested, rather than a limitation of the in vitro assay methodology.
Human GI studies are relatively expensive and time-consuming, and do not provide for a large number of products to be tested. Nevertheless, this study provides justification for a future validation study, in which a representative selection of well-characterised foods can be tested in parallel in vitro and in vivo.
Understanding the critical factors driving the rate of starch digestion in foods will help to inform and improve the design of food preparation protocols for in vitro testing and may also aid researchers in identifying the most suitable protocol for addressing specific research questions. Although the singleenzyme (i.e. amylase only) system used in the present study provided reasonable predictions of the glycaemic index, it would not be expected to perform as well for foods where antinutritional inhibitors of glucose absorption are rate-limiting, or where co-digestion of fat and/or protein is necessary to expose starch to digestive fluids. It is currently unclear to what extent these mechanisms apply in different food products. Further investigations are needed to improve understanding of the mechanisms and rate-limiting steps that govern digestion of food and metabolic responses and this will require a combination of in vitro and in silico digestion models and in vivo data.
Conclusions
The in vitro method presented in this study provides for rapid and accurate comparison of starch digestibility and/or resistance. Starch digestibility indices obtained in vitro are significant correlated to GI values for matched food products and show potential for use as predictive indicators of GI. We envisage that the simple protocol presented will serve as a high throughput screening method to precede and complement more advanced in vitro and in silico digestion models and in vivo studies.
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